One of the major mechanisms of chemical protection against carcinogenesis, mutagenesis, and other forms of toxicity mediated by electrophiles is the induction of enzymes involved in their metabolism, particularly phase 2 enzymes such as glutathione S-transferases (GSTs), uridine diphosphate-glucuronosyltransferases, and NAD(P)H:quinone reductase. Furthermore, induction of phase 2 enzymes appears to be a sufficient condition for obtaining chemoprevention and can be achieved in many target tissues by administering any of a diverse array of naturally occurring and synthetic chemical agents. One class of chemopreventive agents, 1,2-dithiole-3-thiones, was developed on the basis of their potent activity in rodent tissues as inducers of GSTs. A substituted dithiolethione, oltipraz 14-methyl-5-(2-pyrazinyl)-1,2-dithiole-3-thionel, is an effective inhibitor of aflatoxin Bl-mediated hepatocarcinogenesis in the rat. Oltipraz produces dramatic decreases in the levels of aflatoxin-DNA adducts in the liver as well as in the urinary levels of the depurination product aflatoxin-N7-guanine. Corresponding increases are seen in the biliary elimination of aflatoxin-glutathione conjugates. Administration of oltipraz results in 3-to 4-fold increases in hepatic cytosolic GST activities and mRNA levels for some x, p and X isoforms. Nuclear run-on assays have indicated that oltipraz treatment elevates rates of transcription of some GST subunits. In the rat, induction of phase 2 enzymes by oltipraz is mediated, at least in part, through the antioxidant response element in the 5' flanking region of these genes. Although oltipraz has a very short plasma half-life, elevations in the levels of some GST 
Introduction
There are many potential strategies for chemical protection against the multiple stages of carcinogenesis [see reviews by Wattenberg (1) and De Flora and Ramel (2) ]. However, in the majority of experimental systems, protection has been achieved by administering the chemopreventive agent prior to and/or concurrent with the exposure to the carcinogen. Given this temporal relationship between administration of anticarcinogen and carcinogen it seems likely that these agents act principally by affecting the metabolism and disposition of carcinogens, thereby altering events critical to the initial interactions of carcinogens with biomolecules. Using this experimental approach, it has been possible to document protection against a diverse array of chemical carcinogens acting at different target organ sites. Important classes of This paper is based on a presentation at the symposium on Mechanisms and Prevention of Environmentally Caused Cancers held [21] [22] [23] [24] [25] October 1995 in Santa Fe, New Mexico. Manuscript received at EHP 16 April 1996; accepted 20 September 1996.
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Address correspondence to Dr. T.W. Kensler chemopreventive agents that modulate the metabolic processing of carcinogens include phenolic antioxidants, indoles, isothiocyanates, coumarins, flavones, allyl sulfides, dithiocarbamates, and dithiolethiones. A key component in understanding the initial events of carcinogenesis was the recognition that many chemical carcinogens are not chemically reactive per se, but must undergo metabolic activation to form electrophilic reactants (3) . These reactive species can interact with nucleophilic groups in DNA to induce point mutations and other genetic lesions, thus leading to activation of protooncogenes and inactivation of tumor suppressor genes. The importance of metabolic activation in carcinogenesis is highlighted by the fact that target organ specificities and even species susceptibilities can be determined through the presence or absence of metabolic pathways. The metabolism of chemicals to proximate carcinogens often involves an initial two-electron oxidation to a hydroxylated or epoxidated product and is typically catalyzed by the cytochrome P450 system. Collectively, the enzymes that catalyze the formation of these reactive intermediates are termed phase 1 enzymes. Cells also have a variety of enzymatic and nonenzymatic mechanisms that protect against damage by electrophilic metabolites. A number of enzymes transfer or conjugate various endogenous substrates, such as glutathione, glucuronide, and sulfate, to the products of phase 1 metabolism. These phase 2 reactions, which often add large polar molecules to the primary metabolite, generally limit further biotransformation by enhancing elimination, thereby leading to detoxication. Thus, the amount of ultimate carcinogen available for interaction with its target represents, in part, a balance between competing activating and detoxifying reactions. While this balance is under genetic control, it is easily modulated by a variety of factors including nutritional status, age, hormones, and exposure to drugs or other xenobiotics (4) . In this setting, chemopreventive agents can profoundly modulate the constitutive metabolic balance between activation and inactivation of carcinogens through their actions on both phase 1 Measurement of phase 2 enzyme induction has led to the isolation of two anticarcinogenic terpenoids, kahweol palmitate and cafestrol palmitate, from green coffee beans (7); isolation of the isothiocyanate sulforaphane as the principal and very potent phase 2 enzyme inducer from broccoli, and demonstration of its ability to block dimethylbenzanthracene-induced mammary tumorigenesis in rats (8, 9) ; and prediction of the anticarcinogenic effects of 1,2-dithiole-3-thiones, including oltipraz (4-methyl-5-(2-pyrazinyl)-1 ,2-dithiole-3-thione), which is now in clinical cancer chemoprevention trials (10) (11) (12) .
Initial studies on the possible molecular mechanisms of induction of GSTs by antioxidants were conducted by Pearson et al. (13), who observed a 20-fold increase in mRNA for the major GST in the livers of mice several days after feeding 0.75% BHA. Benson and colleagues subsequently reported that significant increases in mRNA levels could be observed as early as 24 hr after placing mice on the BHA-supplemented diet (14) . More recently, Pearson et al. (15) have studied the mechanisms of tissue-specific induction of murine GST mRNAs by BHA. In these studies, measurements of transcription rates in isolated nuclei indicated that increased mRNA levels were due to increased rates of transcription.
The molecular mechanisms regulating the transcriptional activation of phase 2 enzymes by antioxidants and other inducers have also been investigated. As originally proposed by Wattenberg (1), two families of phase 2 enzyme inducers exist, based upon their ability to elevate phase 1 enzymatic profiles. Prochaska and Talalay (16) have coined the terms bifunctional and monofunctional inducers to describe these compounds ( Figure 1 ). Bifunctional inducers (e.g., polycyclic hydrocarbons, dioxins, azo dyes, flavones) can all be characterized as large planar polycyclic aromatics; they elevate phase 2 as well as selected phase 1 enzymatic activities, such as aryl hydrocarbon hydroxylase. These compounds are potent ligands for the aryl hydrocarbon (Ah) receptor, and the direct participation of the Ah receptor in the activation of Ah hydroxylase gene transcription has been demonstrated (17) . Moreover, since phase 2 enzyme inducibility by bifunctional inducers segregates in mice that possess functional Ah receptors, it had been presumed that these enzymes were under the direct control of the Ah receptor. Monofunctional inducers (phenols, lactones, isothiocyanates, dithiocarbamates, and 1,2-dithiole-3-thiones) elevate phase 2 enzymatic activities without significantly elevating phase 1 activities and do not possess an obvious defining structural group. Monofunctional inducers (e.g., oltipraz) transcriptionally activate phase genes such as GSTthrough the antioxidant response element (ARE). Bifunctional inducers, e.g., polycyclic aromatic hydrocarbons (PAHs) transcriptionally activate phase 1 and phase 2 genes directly through the xenobiotic response element (XRE). Some bifunctional inducers can also undergo metabolism to intermediates that can mediate gene expression through the ARE. Adapted from Prochaska and Talalay (16 (21) .
Several regulatory elements controlling the expression and inducibility of the Ya subunit of murine and rat GSTs by bifunctional and monofunctional inducers have been characterized (22, 23) . A 41-bp element in the 5'-flanking region of the rat GST Ya gene, termed the antioxidant response element, and a homologous element in 5'-region of the murine Ya gene, designated the electrophile response element, have been identified using a series of 5' deletion mutants fused to the chloramphenicol acetyl transferase gene and then transfected into hepatoma cells. Prestera et al. (21) have observed that many classes of monofunctional inducers stimulate expression of a reporter gene through this 41-bp electrophile-antioxidant enhancer element. DNA footprinting and gel shift assays have recently established specific interactions between nuclear proteins and the electrophile-antioxidant regulatory element; however, the identity and exact role of these proteins in the induction pathway remains to be elucidated (24) .
Assessment of Phase 2 Enzyme Induction
A number of approaches have been used to assess phase 1 enzyme induction and inhibition in humans, including measurement of the pharmacokinetics of drug probes and determination of changes in the disposition of endogenous substrates for the cytochrome P450s of interest (25) . These approaches have been less useful for assessing phase 2 induction, in part because the rate-limiting step in their overall metabolism is often the phase 1 enzyme component. Nonetheless, pharmacologic and dietary manipulations have been shown to modify the phase 2 metabolism of antipyrine, phenacetin, oxazepam, and acetaminophen in humans (25, 26) . Acetaminophen undergoes three conjugation reactions: glucuronidation, sulfation, and glutathione addition. Measurement of the fractional clearances to these metabolites provides a simultaneous, three-way measure of drug conjugation. Miners et al. (27) observed that treatment with sulphinpyrazone or anticonvulsant drugs selectively enhanced both glucuronidation and mercapturic acid formation from acetaminophen. The mercapturic acid is derived from the initial glutathione adduct. Increases in urinary thioether excretion (mercapturic acid and other products of glutathione conjugation) have been observed following exposure of humans to cigarette smoke, cancer chemotherapeutic drugs, and industrial chemicals (28) . However, the quantitative relations between enzyme induction and thioether excretion have not been defined and the overall utility of this approach remains to be established. Direct measurements of phase 2 enzyme activities in blood cells and serum have also been used to assess enzyme induction. In a recently reported clinical study, small but significant increases in plasma levels of a-class GST were observed in volunteers consuming a diet enriched in brussels sprouts (29) . Earlier studies in mice fed BHA indicated that plasma levels of GST and quinone reductase correlated with, but underestimated, increased activity of these enzymes in liver (30) (11, 12) . For example, the drug oltipraz shows significant antischistosomal activity in experimental animals and in humans. During studies on the mechanisms of schistosomicidal activity of oltipraz, Bueding et al. (10) noted that administration of this drug, as well as several analogues, to mice resulted in marked elevations of the activities of phase 2 enzymes in hepatic and extrahepatic tissues. These findings led Bueding to predict that dithiolethiones such as oltipraz might be excellent candidate compounds for cancer chemoprevention studies (10) . As recently summarized elsewhere, oltipraz has subsequently proven to be an effective anticarcinogen in breast, colon, pancreas, lung, forestomach, skin, bladder, and liver tumor models (11) . As a consequence, oltipraz has undergone phase I clinical trial in the United States (32, 34) .
Aflatoxin B1 (AFB1) is a potent hepatotoxin and carcinogen in a wide variety of animals and is linked epidemiologically with a high incidence of primary hepatocellular carcinoma in humans (35 (36, 37) . A search for protective agents more amenable for use in man led to the evaluation of oltipraz in this rat model.. After feeding male F344 rats either purified diet or diet supplemented with 0.075% oltipraz for 1 week, the animals received AFB1 5 days a week for 2 weeks. One week after cessation of dosing, all animals were restored to the control diet and maintained until they became moribund or upon study termination at 23 months. This 10-dose exposure to AFB1 produced an 11% incidence of hepatocellular carcinomas in the control animals, while an additional 9% of these rats had hyperplastic nodules in their livers (38) . This incidence of hepatic disease mirrors the lifetime incidence of hepatocellular carcinoma in humans in high-risk areas of China, Southeast Asia, and Africa (6, 39) . In the rat intervention study, dietary oltipraz afforded complete protection against aflatoxin-induced hepatocellular carcinomas and hyperplastic nodules. Further, no tumors were seen in either group at extrahepatic sites, indicating that oltipraz did not serve to merely shift target organ specificity from the liver to other tissues. No protection is observed if oltipraz is administered after exposure to AFB1 (40) .
These protective actions of oltipraz (as well as the food antioxidants) are thought to result primarily from an altered balance between the activation and detoxication of aflatoxin in the hepatocyte. In the case of aflatoxin, alterations in the balance of competing pathways of the ultimate carcinogen aflatoxin-8,9-oxide directly modulate the availability of the epoxide for binding to DNA (Figure 2 ). Anticarcinogenic concentrations of oltipraz in the diet markedly induce activities of GSTs in rat tissues to facilitate conjugation of glutathione to aflatoxin-8,9-oxide, thereby enhancing its elimination and coordinately diminishing DNA adduct formation (41) . Feeding oltipraz for 1 week before exposure to AFB1 increases the initial rate of biliary elimination of the aflatoxin-glutathione conjugate nearly 3-fold. Concordantly, feeding oltipraz led to 3-to 4-fold increases in the specific activity of rat liver GST and elevation in the levels of some a-, p-, and i-class subunits. Quantitative high-performance liquid chromatography analysis of GST subunits showed that levels of subunits Yb1, Yp, Yc2 and Ya2 were increased 5-to 10-fold. In comparison, levels of subunits Yb2 and Yc1 were elevated 2-to 3-fold, whereas subunit Ya1 was not induced (42) . Fortuitously, rat GST isozymes containing the Ya2, Yb1, or Yc2 subunits exhibit substantial conjugation activity toward the ultimate carcinogenic metabolite aflatoxin-8,9-oxide (43) . Molecular studies indicate that initial increases in hepatic GST mRNA and protein levels in response to oltipraz were mediated through transcriptional activation of GST genes (44) and appear to be mediated by the antioxidant response element (45) . Induction of GSTs by oltipraz in primary cultures of human hepatocytes has also been observed (46) . A significant attribute of oltipraz is the responsiveness of many tissues to its enzyme inductive actions.
Oltipraz can also influence cytochrome P450 activities. Western blotting indicates small increases in several forms of P450 following oltipraz treatment in vivo, especially CYP1A2 and CYP3A2 (47) . Perhaps more notable, direct addition of oltipraz to rat microsomes inhibits AFB1 oxidation (48) . Inhibition of CYP1A2 and CYP3A4 by oltipraz results in the reduction of aflatoxin metabolism to aflatoxin M1 and the 8,9- oxide in primary cultures of human hepatocytes (49) (51) . Using a nested case-control study design, Qian et al. (52) reported highly significant associations between the presence of urinary aflatoxins, serum hepatitis B surface antigen positivity, and risk of hepatocellular carcinoma. Particularly striking was a marked synergistic interaction between viral and chemical risk factors. Collectively, these studies highlight the importance of both large-scale hepatitis B virus vaccination programs and limitation of exposure and toxicities of aflatoxins as important strategies to decrease the incidence of liver cancer.
The randomized, placebo-controlled trial has examined the effects of daily (125 mg) and weekly (500 mg) doses of oltipraz on levels of two independent biomarkers: aflatoxin-N7-guanine adducts excreted into urine and aflatoxin-albumin adducts in serum. These two biomarkers have been extensively validated through ecological and prospective epidemiological studies (51) (52) (53) . While these biomarkers reflect exposures to aflatoxins, their presence also signals increased risk for liver cancer. Levels of these biomarkers can be markedly attenuated in rats by intervention with oltipraz during periods of aflatoxin exposure (38, 54) . As a consequence, blood and urine samples have been collected throughout a 2-month intervention period as well as during a 2-month postintervention follow-up period to fully determine the dynamics of potential changes in phase 2 enzyme activities and biomarker levels. With 80 participants in each of the treatment arms, the clinical trial has the power to determine small decreases in the levels of the urinary and/or serum biomarkers (55) . The availability of intermediate biomarkers reflecting the modulation of biologically effective doses of environmental carcinogens as study end points allows the design and conduct of efficient clinical trials. We hope that results from such trials with oltipraz will provide insights into the utility of phase 2 enzyme induction as a useful, mechanism-based approach to achieve large-scale reductions in the incidence of hepatocellular carcinoma in populations at high risk for unavoidable exposures to aflatoxins. Further, such studies may serve as templates for chemopreventive interventions targeting individuals at high risk for other environmentally induced diseases.
